Please cite this article as: McIntosh, D., Dougherty, B.J.,Development of ventilatory long-term facilitation is dependent on estrous cycle stage in adult female rats, Respiratory Physiology and Neurobiology (2019), https://doi.org/10.1016/j.resp.2019. 02.006 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. A c c e p t e d M a n u s c r i p t that AIH-induced plasticity of phrenic motor output (phrenic long-term facilitation, pLTF), a 42 phenotypically similar form of respiratory plasticity presenting as a sustained increase in phrenic 43 nerve amplitude, develops in adult female rats only during the proestrus stage of the estrous 44 cycle, notable for high levels of serum estrogen. Here, we tested the hypothesis that AIH-45 induced vLTF would also be estrous-stage dependent; developing in female rats during 46 proestrus, but not estrus. Barometric plethysmography in adult (4-5 months), normally cycling 47 female rats revealed a progressive increase in minute ventilation for 60 min following AIH (5 x 5 48 min episodes; 10% O2) during proestrus indicative of vLTF, while estrus rats showed no 49 changes in minute ventilation over the same time period. The development of vLTF in proestrus 50 rats was driven by changes in tidal volume production versus respiratory frequency consistent 51 with prior studies. These data are the first to investigate differential vLTF expression across the 52 estrous cycle in adult female rats and highlight the importance of female estrous cycle stage as 53 a critical physiological variable to consider in studies of AIH-induced plasticity. 54 55
M a n u s c r i p t min period prior to the start of hypoxia. Subsequently, 30 secs of stable breathing was averaged 172 and analyzed during the first hypoxic exposure for assessment of hypoxic ventilatory response 173 (HVR) in experimental groups, and 2-mins of stable breathing was averaged and analyzed at 174 15, 30 and 60 min post-hypoxia. Data at equivalent time points were analyzed in Time control 175 rats. Analyses were completed using commercially available statistical software (GraphPad 176
Prism, Version 7, La Jolla, CA, USA) and are presented as means ± 1 SE with graphical 177 representations of individual data points to demonstrate spread of data about the mean. We 178 employed one-way ANOVAs to compare ages and body weights ( Table 1) . One-way ANOVAs 179
were also used to compare absolute values of respiratory parameters during BL, during the first 180 hypoxic challenge (or equivalent time point in Time Control rats), and at 15 min, 30 min and 60 181 min ( Table 1 ). An additional one-way ANOVA was used to compare HVR as a % change from 182 BL across groups (Figure 3) . Two-way ANOVA was used to evaluate changes in body 183 temperature within and across groups pre-and post-plethysmography (Table 1) . To determine 184 time-dependent changes in ventilation within and across groups during the post-hypoxic 185 interval, or equivalent period in Time Control rats (% change from BL), we used a 2-way 186 ANOVA with repeated measures. Tukey post-hoc tests were used to identify statistically 187 significant individual comparisons when significant main effects or interactions were present. 188
With all statistical measures, differences were considered significant if p < 0.05. 189 190
Results. 191
There were no differences in age (p = 0.83) or body weight (p = 0.35) across experimental 192 and time control groups as shown in Table 1 . Initial rectal temperature (immediately prior to 193 entering the plethysmograph; pre-temp) was similar across groups and not affected by estrous 194 cycle stage (p ≥ 0.93; Table 1 ). A significant reduction in core body temperature was measured 195 in all groups during plethysmography (2 way ANOVA, main effect of time, p < 0.001 F(1, 69) = 196
316.4) reflected in significantly reduced rectal temperatures immediately following
A c c e p t e d M a n u s c r i p t plethysmography (post-temp; p < 0.001 for each group; Table 1 Regardless of estrous cycle stage, adult female rats in the proestrus and estrus groups 212 significantly increased minute ventilation in response to hypoxia (Figs 2 and 3A) . This was 213 reflected in significantly larger absolute V E, VT, and frequency in these groups compared to the 214 Time Control group which did not receive hypoxia ( Table 1) . The magnitude of the HVR (i.e. 215 %change in V E relative to BL) was similar in proestrus and estrus groups (p = 0.83; Fig 3A) . 216
Components of V E showed a similar pattern in response to hypoxia. Female rats in estrus and 217 proestrus significantly increased VT in response to hypoxia (p < 0.001) compared to Time 218
Control rats, but to a similar extent (p = 0.83; Fig 3B) . Breathing frequency during hypoxia in 219 estrus and proestrus groups was also significantly elevated compared to Time Controls (p < 220 0.001), with a similar magnitude of increased frequency in estrus and proestrus rats (p = 0.64; 221
Fig 3C). 222
A c c e p t e d M a n u s c r i p t 3.3. vLTF was expressed only during proestrus. 224 225 V E was assessed over 60 min post-hypoxia to determine if AIH would lead to the 226 development of vLTF, defined as a significant increase in V E relative to BL (i.e. % Δ BL). Two-227 way ANOVA with repeated measures revealed a significant estrous stage x time interaction in 228 V E (F (6, 207) = 2.217, p = 0.04). With post-hoc analysis, proestrus rats showed an increase in 229 V E that was significantly elevated above BL values 60 min post-hypoxia (i.e. vLTF; p < 0.0001, 230 Fig 4A) . Neither Time Control (p = 0.95), nor estrus groups (p = 0.18) showed similar changes 231 in ventilation over the same 60 min period (Fig 4A) . At 60 min, mean V E in proestrus rats was 232 also significantly higher than both estrus (p = 0.03) and time control rats (p < 0.001; Fig 4B) . 233 A significant estrous stage x time interaction (F (6, 207) = 2.525, p = 0.02) was also 234 measured in post-hypoxia VT. Post-hoc analysis revealed that proestrus rats showed a ramping 235 of VT over 60 min post-hypoxia culminating in significantly enhanced VT relative to BL at 60 min 236 (p < 0.0001, Fig 4C) . No changes in VT relative to BL were noted in estrus rats following 237 hypoxia or in time control rats (Fig 4C) . VT at 60 min was also significantly elevated in proestrus 238 rats compared to time controls (p < 0.0001) and estrus rats (p < 0.05, Fig 4D) . These data 239 indicate that the vLTF exhibited by female rats in proestrus was primarily driven by changes in 240 VT following AIH. No time dependent changes in respiratory frequency were measured in either 241 experimental group. However, respiratory frequency was significantly lower in the time control 242 group compared to proestrus and estrus groups (p = 0.02 for each) at 15 min and remained 243 lower than proestrus rats at 30 min (p = 0.02). By 60 min, no differences in frequency were 244 identified across groups. 245 with the idea that rats are naturally able to compensate for normal hormonal fluctuations to 296 maintain hypoxic sensitivity. Body temperature is a key factor in the calculation of VT and V E, 297
and we were unable to capture potential hypoxia-induced temperature changes in this study. 298
Reductions in body temperature during hypoxia are well established, even during short time 299 domains like the 5 min hypoxic challenges used in this study (Marques et deeper sleep states during the day following estrus (Kleinlogel, 1983) , and this may impact the 374 development of vLTF. However, our rats were tested on the morning of proestrus and estrus 375 and were likely outside the window of this "rebound phenomenon" (Kleinlogel, 1983 and genioglossus muscle activity is evident in the presence of elevated levels of carbon dioxide in awake 456 M a n u s c r i p t with barometric plethysmography in 36 adult female rats using a cross-over design (A.). All 36 537 rats experienced two full estrous cycles and were assigned to an initial group based on their 538 estrous cycle stage just prior to entering the plethysmography chamber. Following the initial 539 respiratory assessment, all 36 rats were returned to their home cages and staged daily for a 540 period of 7 days plus one full estrous cycle before being re-tested in the opposite estrous cycle 541 stage as assessed just prior to entering the plethysmography chambers. The experimental 542 protocol consisted of a 30 min period of room air breathing (i.e. baseline) followed by 5, 5-minM a n u s c r i p t exposures to hypoxia (Hx; 10% O2) with 5 min room air intervals (B.). Rats returned to baseline, 544 room-air breathing for 60 minutes following the final hypoxic episode. Rats designated as Time 545
Controls were in the chambers for an equivalent period of time, but were not exposed to 546 intermittent hypoxia. 547
Total n=36
Hypoxia n=24
Time Control n=12
Proestrus n=12
Estrus n=12
Proestrus n=6
Estrus n=6
Proestrus n=12 Changes in tidal volume production appeared to be the primary driver of vLTF in proestrus rats. 585
Proestrus rats showed a progressive increase in tidal volume production in response to AIH (C.) 586 and by 60 min, proestrus rats demonstrated higher tidal volume production than estrus (p<0.05) 587 or time control (++++; P<0.0001) rats (D.). No time dependent changes in respiratory frequency 588
were measured in any treatment group (E.). Respiratory frequency was significantly lower in the 589
Time Control group compared to proestrus and estrus groups (#; p<0.05 for each) at 15 min and 590 remained lower than proestrus rats at 30 min (^; p<0.05). However, by 60 min, no differences in 591 frequency were identified between groups (F.). ****: p<0.0001 from BL. Two-way ANOVA with 592 rats showed a reduction in rectal temperature during plethysmography (p < 0.001 for all groups), 603 however, no differences were noted in pre-or post-plethysmography temperatures between 604 groups. During baseline, all respiratory parameters were equivalent. Proestrus and estrus 605 groups received intermittent hypoxia and elevated all respiratory parameters when compared to 606 the Time Control group which did not receive hypoxia. V E was significantly higher in proestrus
